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Abstract

Cores collected from Mississippi Sound, in the Gulf of Mexico, were studied using 2!°Pb,, and !3’Cs
geochronology, X-radiography, granulometry, and a multi-sensor core logger. Our results indicate the presence of a
widespread sandy event layer that we attribute to Hurricane Camille (1969). An initial thickness of more than 10 cm is
estimated from the cores, which is large compared to the time-averaged apparent accumulation rate of 0.29-0.47 cm
y~!. Physical and biological post-depositional processes have reworked the sandy layer, producing a regional
discontinuity and localized truncation, and resulting in an imperfect and biased record of sedimentary processes
during the storm. The oceanographic and sedimentological processes that would have produced an event bed during
Hurricane Camille are simulated using a series of numerical models, i.e. (1) a parametric cyclone wind model, (2) the
SWAN third-generation wave model, (3) the ADCIRC 2D finite-element hydrodynamic model, and (4) a wave—
current bottom boundary layer model that is coupled to transport and bed conservation equations (TRANS9S8). The
simulated bed ranges from 5 cm to over 100 cm within a tidal channel near the barrier islands. Seaward of the islands,
the bed is more than 10 cm in thickness with local variability. The magnitude and local variability of the storm bed
thickness are consistent with the observed stratigraphy and geochronology on both the landward and seaward sides of
the barriers. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: hurricanes; event beds; geochronology; numerical models

1. Introduction sand or sandstone layers intercalated with mud or
shale. The sandy beds are called event beds be-

Both modern and ancient continental shelf stra- cause their erosive bases and sedimentary and bio-
ta frequently consist of hummocky cross-stratified genic structures indicate that they were emplaced

by flows at the event scale (Seilacher, 1982), on
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1982; Snedden et al., 1988; Figueiredo et al.,
1982; Gagan et al., 1990), and have been sug-
gested as the origin of sandstone event beds
(Brenchley et al., 1986; Snedden and Nummedal,
1990; Swift et al., 1987).

Our present understanding of storm sedimenta-
tion is contained within the models of Dott and
Bourgeois (1982), Walker (1984), Brenchley
(1985), Duke (1985), Duke et al. (1991), and Swift
and Thorne (1991). While representing an impor-
tant conceptual advance, these models are primar-
ily qualitative. They do not make testable predic-
tions of the distribution of storm beds in modern
environments. Sedimentary strata predicted by
geologically relevant models like that of Thorne
et al. (1991) are quantitative and can thus be com-
pared to ancient sequences, but they do not make
predictions about individual beds, which can be
tested against modern oceanographic data. The
quantitative characteristics of individual storm
beds can be simulated by a physics-based numer-
ical model like the one used to examine event bed
genesis in the Gulf of Mexico (Keen and Slinger-
land, 1993a,b; Keen and Glenn, 1998), the Mid-
dle Atlantic Bight of North America (Keen and
Glenn, 1994a), the East China Sea (Flaum et al.,
2000), and the Cretaceous Western Interior Sea-
way of North America (Slingerland and Keen,
1999).

The observations needed to evaluate the event
layers predicted by single-bed models like that of
Keen and Slingerland (1993a) have been scarce in
the past because of problems of scale and the
preservation of these thin sand beds. Snedden et
al. (1988) and Morton (1981) have described the
spatial extent of event beds deposited on the
Texas coast during hurricanes but definitive evi-
dence of the correlation of these beds was lacking
because of reworking of the bed. In order to iden-
tify an individual storm bed in multiple cores with
sufficient accuracy to test the quantitative predic-
tions of a numerical model, it is necessary to have
better control on the time of deposition of possi-
ble beds. It is also important that bed amalgama-
tion and reworking are minimal.

Hurricane Camille was the second strongest
hurricane to hit the U.S. coastline in the twentieth
century. The eye made landfall at Waveland, MS

(Fig. 1) at 04.30 h UT on August 17, 1969. The
central pressure was 901 mb and the maximum
sustained winds near the eye were more than
85 m s~! just before landfall (Neumann, 1993).
The storm surge within Mississippi Sound ex-
ceeded 7 m. Bottom currents on the Florida coast
150 km east of landfall were measured at more
than 1.6 m s~! (Murray, 1970). Prior to Camille,
there were no major hurricane strikes along this
coast since 1947. Between 1969 and 2000, the only
hurricanes to make landfall on the Mississippi
coast were Elena (1985, storm surge 2.6 m, Biloxi,
MS), and Georges (1998, storm surge ~2 m,
Ocean Springs, MS)(Neumann, 1993; Stone et
al., 1999). No studies of the impacts of Hurricane
Elena on the seabed of Mississippi Sound or the
adjacent continental shelf have been published.
Both Elena and Georges were much weaker
than Camille and cores collected in Mississippi
Sound several months after Georges did not con-
tain a significant preserved event layer (S.J. Bent-
ley, unpublished data). Thus, Georges is not ex-
pected to have had a widespread effect on the
amalgamation of previous storm beds, and the
effects of Elena, although possibly significant,
are likely to have been much less than those of
Camille. It seems probable that if an identifiable
and datable event bed is to be found anywhere in
the U.S. coastal waters, it may well be in the
sheltered waters of Mississippi Sound, and it
may have been deposited by Hurricane Camille
in 1969.

The objectives of this paper are: (1) to deter-
mine the degree of preservation and characteris-
tics of a sandy layer that we propose was depos-
ited by Hurricane Camille as it made landfall in
the northern Gulf of Mexico, and (2) to use a
numerical model to conceptualize the relation-
ships between the physical forcing and the initial
extent and thickness of the event bed deposited by
Hurricane Camille. We will show by means of
sedimentological and radiochemical analyses that
numerous cores from Mississippi Sound and the
adjacent shelf contain a sandy layer that was
probably deposited by Hurricane Camille. This
study also makes quantitative predictions of sedi-
ment resuspension and transport within Mississip-
pi Sound during Hurricane Camille and uses them
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Fig. 1. (A) Map of the Mississippi Bight study area. Large black dots mark the position of Hurricane Camille as it made landfall
on August 18, 1969. Location of National Data Buoy Center (NDBC) Station 42007 is indicated close to the storm track.
(B) The highlighted rectangle is the grid used for the sedimentation model. Abbreviations of barrier islands: HNI, Horn Island;
ESI, East Ship Island; WSI, West Ship Island; CNI, Chandeleur Islands; other abbreviation: BSL, Bay St. Louis. The numbers
refer to locations where the cores listed in Table 1 were collected. Water depth is indicated in meters.
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Fig. 2. Map of bottom sediment mean grain size in ¢ units in Mississippi Bight, from Sawyer (2001).

to evaluate the initial characteristics of the Ca-
mille event bed. Comparison of the analytical
and numerical results thus improves our under-
standing of event bed deposition and post-depo-
sitional modification in coastal areas.

2. Study area

The south-facing barrier islands fronting Mis-
sissippi Sound (Fig. 1) formed by upward aggra-
dation, as longshore currents transported sedi-
ment from Mobile Bay westward (Otvos, 1970,
1979). Sediment within Mississippi Sound (Fig. 2)
consists of medium to coarse sand along the bar-
rier islands and silt and clay located within the
central parts (Upshaw et al.,, 1966; Sawyer,
2001). Overall, the northern Gulf barrier islands
are migrating to the west in response to wave-

driven longshore drift (Stone and Stapor, 1996).
West Ship Island has recently slowed its migration
because of dredging in the ship channel to the
west. Ship Island, consisting of West Ship Island
and East Ship Island, now appears to be rotating
counterclockwise as East Ship Island is eroding
on its Gulf side. The rotation is partly attributed
to accretion on the Gulf coast of West Ship Island
while erosion is occurring on its sound side.

The Chandeleur Islands are a curved east-fac-
ing barrier chain fronting Chandeleur Sound. The
sediments of Chandeleur Sound comprise clay, silt
and sand. The dominant geomorphic factors in
the evolution of the Chandeleur barrier island
chain are tropical cyclones, which commonly
overwash these low-lying islands and incise chan-
nels through them (Kahn and Roberts, 1982).
Hurricane Frederick (1979) flattened the dunes
of the southern Chandeleur Islands and they re-
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main a shoal today because of more recent storms
such as Hurricane Georges, 1998 (Stone and
Wang, 1999).

3. Methods
3.1. Core retrieval and analysis

During cruises on the R/V Kit Jones between
July 1999 and May 2001, box cores and gravity
cores (Table 1) were collected in western and cen-
tral Mississippi Sound and the adjacent inner
shelf in water depths between 4 and 10 m (see
Fig. 2 for locations). Sampling locations were
placed in muddy seabed near the mud-sand tran-
sition both seaward and landward of the barrier
islands. The sampling locations were based on the
hypothesis that if event layers were preserved,
identification would be facilitated by lithologic
contrast between sandy event beds and muddy
matrix. Differential GPS was used for positioning,
allowing precise reoccupation of stations on mul-
tiple cruises. Only undisturbed cores with no evi-
dence of slumping or surface distortion were
retained for subsampling. Box cores were sub-
sampled for radioisotopes and physical properties
using 10-cm-internal-diameter PVC pipe that was
inserted into the sediment, withdrawn, and ex-
truded at 1-2 cm intervals for analysis. Slabs for
X-radiography were obtained by pushing open-
ended, three-sided Plexiglas trays (2.5 cm thick
X 16 cm wide) into core boxes on deck, then in-
serting the fourth side so as to minimize fabric
distortion. On the day of collection, slabs were
X-radiographed using a portable veterinary

Table 1
Summary of cores and stations discussed in this paper

X-ray unit. X-ray negatives were then digitized
for image analysis.

Gravity cores were analyzed using a GEOTEK
Multi-Sensor Core Logger (MSCL), an auto-
mated system in which cores are logged horizon-
tally. An ultrasonic P-wave system measured
P-wave speed through the cores at 500 kHz. Gam-
ma ray density (attenuation) was measured from a
narrow beam of gamma rays emitted from a 10
milli-curie '¥’Cs source with energies principally
at 661 KeV. Measurements were conducted at at-
mospheric pressure, with cores equilibrated to
laboratory ambient temperature (23°C). Subsam-
ples were also retained for radioisotope and gran-
ulometric analysis.

Cores analyzed for sand content were collected
on different dates but from the same stations as
the cores analyzed by X-radiography, radiochem-
istry, and MSCL. Patterns of grain size were as-
sessed by measuring percent sand and mud in
samples that were dispersed in 0.05% sodium
metaphosphate solution, disaggregated in an ul-
trasonic bath, then wet-sieved at 4 ¢ (63 pm).
Mud and sand fractions were dried and weighed.
Masses were corrected for interstitial salts and
dispersant.

Activities of 2!°Pb (natural product of U-series
decay; t;, =22 yr) and '¥’Cs (product of nuclear
fission in nuclear reactors and bombs, t,; =30.7
yr) were determined by y-spectroscopy analysis of
dried sediment (46.5 KeV peak for 21°Pb and 661
KeV peak for '¥7Cs). 2!Pb activities were cor-
rected for self-absorption by calibration with
standards of known activity (Cutshall et al.,
1983). Excess activities of 2!'Pb (?'°Pby,) were de-
termined by comparison with supported activities

Station Number On Fig. 1 Station name

Box cores

Gravity cores

1 Inner shelf

2 East Ship Island
3 Dog Key Pass

4 Horn Island

5 Bay St. Louis

KJ070600 BC8
KJ070600 BC6
KJ040500 E
KJ070600 BCl
KJ040500 D

KJ 0501 D
BSL070999 BCE
KJ070999 BCE

KJ070600 GC8
KJ070600 GC6
none

KJ070600 GC1

BSL091399 GCA
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of parent radionuclides 2"*Pb (295 and 351 KeV)
and 2*Bi (609 KeV). The minimum detection lim-
it for 1¥7Cs was 0.05 decays per minute per gram
(dpm g1 in 17-g samples. Activities for all radio-
isotopes are reported in dpm g~!, with 60 dpm
g ! equivalent to 1 Bq g~

3.2. Numerical methods

One approach to examine the physical process-
es that affect storm deposition within the Missis-
sippi Bight during hurricanes is to use numerical
wind, wave, and current models. The wind, wave,
and current simulations were completed for 14-19
August 1969. The bottom topography used in the
simulations comes from the National Ocean Ser-
vice 3-sec database and local surveys made during
the Northern Gulf of Mexico Littoral Initiative
Project of the Naval Oceanographic Office.

A parametric cyclone wind model gives good
results for areas within the radius of maximum
winds (Keen and Slingerland, 1993a). The wind
field for these simulations is computed on a
5-km grid of the entire Gulf of Mexico.

The steady currents are calculated by the AD-
CIRC-2DDI hydrodynamic model, the depth-in-
tegrated option of a set of two- and three-dimen-
sional fully non-linear codes named ADCIRC
(Leuttich et al., 1992). ADCIRC-2DDI solves
the vertically integrated equations for mass and
momentum conservation on a grid with linear,
triangular finite elements. The model as used in
this study does not include coastal flooding and
drying. The model domain includes the entire
Gulf of Mexico and the western North Atlantic,
with resolution varying from 98 km in the open
ocean to 500 m near tidal inlets (Blain, 1997). The
astronomical tides are not calculated for this sim-
ulation because of their minimal impact during
the hurricane. No river inflow is incorporated
into the model.

It is not sufficient to compute only steady cur-
rents if sediment transport is to be calculated be-
cause sediment resuspension is dominated by
waves in shallow water. Consequently, this study
utilizes the third-generation spectral SWAN mod-
el (Simulating Waves Nearshore) (Booij et al.,
1999; Ris et al., 1999) to compute waves. The

SWAN model calculates refraction, wave break-
ing, dissipation, wave-wave interaction, and local
wind generation. The wave model grid is the same
as the wind grid. The resulting low resolution
within the Sound is considered reasonable for
this study because highly detailed wave fields are
not necessary and cannot be validated. The water
depth used in SWAN changes with the water sur-
face elevation and, therefore, larger storm waves
can be computed in otherwise shallow water with-
in the estuary. The wave model does not calculate
waves over the islands when they are submerged,
however.

The bottom boundary layer model (BBLM) of
Glenn and Grant (1987) has been modified to
promote better convergence of the numerical so-
lution for a wider range of waves and currents
(Keen and Glenn, 1994b). This enhanced model
is coupled to a sediment transport and bed con-
servation model. The resulting coupled BBLM-
sedimentation model, TRANS98 (Keen and
Glenn, 1998), is used in this study. One advantage
of this coupled model is that it computes the bed
roughness in conjunction with the suspended sedi-
ment profiles. Furthermore, because of the cou-
pling between the BBLM and the sedimentation—
bed conservation model, changes in the bed prop-
erties and elevation due to resuspension, erosion,
and deposition feed back to the BBLM.

Several wave, current, and sediment parameters
must be given at each grid point in the domain.
The significant wave height H,, peak period T,
and mean propagation direction 6 of the wave
field at each grid point are available from the
SWAN wave simulation. The wave orbital speed
u, and diameter A4, are computed using linear
wave theory. The reference currents u, from AD-
CIRC are located at mid-water depth. The angle
between the steady current and wave directions ¢,
is also found. The choices of eddy diffusivity and
resuspension coefficients used in calculating the
suspended sediment profiles are based on a pre-
vious sensitivity study (Keen and Stavn, 2000).

Current and suspended sediment concentration
profiles are computed every time step. The phys-
ical bottom roughness kp, is calculated by the
BBLM as described by GG87 using the mean di-
ameter of sediment in the bed at each grid point.
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The BBLM explicitly includes bed armoring as
finer material is preferentially removed because
the remaining bed sediment is coarser. The depth
of entrainment is restricted by the active layer /a,
which represents that part of the bed that inter-
acts with the flow during one time step. When low
flow conditions exceed the initiation of motion
criteria, the active layer is assumed to be propor-
tional to the ripple height (Grant and Madsen,
1982). During high flow conditions, it will be pro-
portional to the height of the near-bed transport
layer hry. The active layer height is given by
ha =n+C-hy, where M is the ripple height and
C is a proportionality constant for the average
concentration in the near-bed transport layer.
When the depth of resuspension for a sediment
size class exceeds /a at a grid point, the reference
concentration is reduced and new profiles of cur-
rents, sediment concentrations, and stability pa-
rameters are calculated. This iterative procedure
is applied at each grid point for each sediment size
class.

Since the model as implemented in this study
does not include overtopping of barrier islands or
coastal areas by the storm surge, it is necessary to
represent coastal erosion by introducing sediment
at landward grid points. A no-gradient boundary
condition is applied for transports at the coast
and the open boundaries of the model grid. This
coastal erosion simulates erosion from the interior
of the islands during overwash, as well as beach
erosion. Thus, sediment is input to the model grid
wherever erosion is predicted at wet points adja-
cent to land. This boundary condition assumes
that landward erosion by waves or overtopping
is adequate to supply a sufficient sediment volume
to the shallowest wet grid point to prevent ero-
sion. This treatment is necessary because the mod-
el does not calculate sediment entrainment by
breaking waves. A similar boundary condition is
included at open boundaries, except that sediment
can leave the model grid as well as enter it.

The numerical sedimentation model is being
used in this study to evaluate the relationships
between the waves and currents and the initial
Camille sand bed within the Mississippi Sound
region. Thus, it is important for the model to
incorporate several processes that control sedi-

mentation such as bed armoring, wave—current
interaction, and advection by steady flows. An
assumption in this approach is that sand and silt
resuspension and transport during the hurricane is
independent of cohesive sediment transport. This
approach also implies that the entrainment of
sand will be the limiting factor in resuspension.
Although this is clearly not the case when the
sand concentration is low, it is a reasonable first
approximation because of the lack of quantitative
data on the entrainment rates for mixed (sand-
silt—clay) sediments. This assumption is justified
during deposition of the storm bed because mud
remains in the water column much longer than
coarser sediment. Consequently, a sand layer
will be deposited independently of cohesive sedi-
ment. This study examines this sand layer only.
The non-cohesive sediment component is repre-
sented by ten size classes of silt and sand, with
a mean of 0.088 mm (3.5 ¢). More realistic sedi-
ment distributions are available (Fig. 2) but are
not used in order to simplify interpreting the
model results. The sedimentation model uses a
grid with a horizontal resolution of approximately
650 m and 31 vertical levels.

4. Core analysis results
4.1. Radioisotope geochronology

Core profiles of ?!°Pby; (Fig. 3) show significant
variability between stations, with some shared at-
tributes. Individual profiles are irregular, lacking
the gradual exponential decay with increasing
depth that is associated with steady-state process-
es of sediment bioturbation and accumulation (for
example, Nittrouer and Sternberg, 1981; Bentley
and Nittrouer, 1999). Gradients in the uppermost
5-10 cm of all profiles vary widely. Nearly zero
gradients in this zone are probably attributable to
a combination of both biological and physical
mixing, based on fabric evidence (Fig. 5) of bio-
turbation and stratification; for example, faint
bedding in the upper 5 cm at Horn Island (core
KJ070600 BC1) and bedding at approximately
7 cm on the inner shelf (core KJ070600 BCS).
Numerous macrobenthos that were observed dur-
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Fig. 3. Profiles of 2'9Pb,, (circles) and '*’Cs (squares) from
boxcores in the study area, near Bay St. Louis (BSL070999
BCE), East Ship Island (KJ070600 BC6), Horn Island
(KJO70600 BCl), and the adjacent inner continental shelf
(KJ070600 BC8). For each core, note the similar discontinu-
ities in 219Pb,, profiles at ~ 12 cm bsf, and the similar pene-
tration depth of '*7Cs (20-22 cm). The discontinuities are in-
dicative of non-steady state deposition and/or mixing.

ing core subsampling are also indicative of bio-
turbation. Mixing processes, whether physical
(Dellapenna et al., 1998) or biological (e.g. Ben-
ninger et al., 1979), tend to homogenize particle-
bound radioisotopes as well as sediment, resulting
in a reduced gradient of radioisotope activity with
depth. A recent seabed study of Mississippi Sound

(Bentley et al., 2000) observed that rapid biotur-
bation is limited to the upper 5-7 cm, consistent
with the 21°Pb,, profiles shown here.

A trait common to all of the 21°Pb,, profiles
shown in Fig. 3 is the presence of a vertical
zone of nearly constant (or low but variable) ac-
tivity ranging from approximately 12 to the max-
imum depth of each core (~25 cm). The upper
boundary of this zone varies from being a sharp
discontinuity at East Ship Island (core KJ070600
BC6) to a change in gradient with no sharp dis-
continuity at Horn Island (core KJ070600 BCI).
Surface activities are lowest (3-5 dpm g~!) for
inshore cores, and highest (approximately 7 dpm
g~ 1) for the inner shelf (core KJ070600 BCS).
This is presumably associated with increasing
210pp, ; water-column inventories in higher-salinity
bottom water beyond the estuarine Mississippi
Sound (e.g. Cochran, 1982).

Apparent sediment-accumulation rates (s, cm
y~ 1) were calculated for *'°Pb,; profiles below
the estimated depth of bioturbation using a
least-squares fit of the following equation to the
210ph, ; profiles:

A(z) = Agexp (_jz) (1)

where A is the decay constant for the radionuclide
of interest (0.031 y~! for 2!Pb) and 4 is excess
activity (dpm g~!) at depth z (Nittrouer and
Sternberg, 1981; Table 2). This approach assumes
steady-state sediment accumulation, constant
210pp, ¢ activity at z=0, and no bioturbation ef-
fects on the portion of the 2!Pb, profile for
which the least-squares fit is conducted. It is un-
likely that these conditions are met for the cores
shown in Fig. 3 but the approach does provide a
simple means for comparing profile shape. It also
provides an estimate of the maximum possible
sediment accumulation rate over the past 50 yr
(approximately two half lives of 2!°Pb), based on

Fig. 4. X-radiographic negatives of box cores from the study area. Bright zones correspond to zones with high bulk density
(sand) and dark zones correspond to low bulk density (mud). For comparison with radionuclide profiles, depth to disturbed por-
tion of 21%Pb,, profiles and maximum penetration depth of '3’Cs is indicated.
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Table 2
Characteristics of >!°Pb profiles in Fig. 3

Profile parameter BSL 070999BCE KJ070600BC1 KJ070600BC6 KJ070600BC8
Bay St. Louis Horn Island East Ship Island Inner Shelf

S, cm y~! 0.31 0.47 0.44 0.29

r? 0.67 0.91 0.76 0.68

Depth range (cm) 13-27 5-24 8-24 8-24

Sediment accumulation rate, S, is calculated from results of least-squares fits of Eq. 1 (steady-state advection/decay model) to

210pb,, profiles to estimate maximum rate sediment accumulation.

the activities at the top and bottom of the profiles
in Fig. 3. This time-averaged rate is between 0.29
and 0.47 cm y~! (Table 2).

37Cs is an anthropogenic impulse tracer that
was introduced into the environment in atmo-
spheric atomic bomb testing starting in 1954. It
reached a peak in 1963 and input has been declin-
ing ever since. '*’Cs usually adsorbs strongly and
irreversibly to particle surfaces. Profiles of '¥’Cs
show low and variable activities to depths of ap-
proximately 22 cm in the central Mississippi
Sound and the adjacent inner shelf, and 18-22
cm in the western Mississippi Sound, below which
depths '37Cs is not detectable. Because the sea-
floor in Mississippi Sound is probably influenced
both by intense bioturbation and physical rework-
ing during storms, it is not appropriate to use the
maximum penetration depth of '37Cs to directly
calculate sediment accumulation rates (e.g. Nit-
trouer et al., 1984; Bentley and Nittrouer, 1999).
However, the presence of '3’Cs at depths of 18-22
cm demonstrates that some portion of the sedi-
ment at that depth has been deposited since the
1954-1963 time frame, even if '¥’Cs-labeled par-
ticles have been mixed downward by physical and
biological processes.

4.2. X-radiography

Sedimentary fabric in X-radiographs (Fig. 4)
ranges from partially stratified on the inner shelf
(core KJ070500 BCS8) and at Bay St. Louis (core
KJ070999 BCE) to intensely bioturbated at East
Ship Island (core KJ070600 BC6). All X-radio-
graphs indicate sandy layers (bright zones) at
depths of 10-15 cm below seafloor (bsf). The
sharpest contacts are preserved on the inner shelf

(core KJ070600 BCS), where a layer of laminated
sand with a distinct base at approximately 17 cm
bsf overlies coarser shelly sediments. The less dis-
tinct layers may have resulted from intermixing of
sand beds with muddier sediment. Biogenic fabric
dominates at Horn Island (core KJ070600 BC1)
and East Ship Island (core KJ070600 BC6), and
mottling is produced by the density contrast be-
tween swirls of intercalated sandy and muddy
sediment.

For comparison with the radionuclide profiles
in Fig. 3, both the maximum penetration depth of
137Cs and the depth of sharp breaks in profiles for
each core are marked on the X-radiographs in
Fig. 4. In general, the depth interval bounded
by these two features in radionuclide profiles co-
incides in X-radiographs with sandy and some-
times physically stratified sediment in an other-
wise muddy matrix. It is important to note that
the observed 21°Pb,, and '3’Cs reference depths do
not correspond to lithologic boundaries, and, con-
sequently, are not exclusive products of vertical
changes in particle type or size.

4.3. Sand content

Sand concentration ranges between approxi-
mately 10 and 50% by mass in box cores from
Bay St. Louis (Fig. 5A) and Horn Island
(Fig. 5B) regions of Mississippi Sound. Subsur-
face maxima for sand content occur in the Horn
Island core (KJ040500D) at about 17 cm bsf, near
the center of the zone delineated by the 2!Pb
and '37Cs reference depths (12 and 22 cm bsf,
respectively, in KJ 070600 BC1; Fig. 3) in another
core from the same station. Similarly, a subsur-
face sand maximum occurs in core KJ0501 D at
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Fig. 5. Sand content of box cores from (A) Bay St. Louis
and (B) Horn Island (Fig. 2; Table 1). Horizontal error bars
indicate the standard deviation of three replicate measure-
ments made for one depth interval in each core (~ 1%). Sub-
surface maxima in both cores (15-17 cm bsf) correspond to
basal zones in radiochemical profiles delineated by uniform
210ph activity and maximum depth of ¥’Cs (Fig. 3), and to
gamma-density maxima in corresponding gravity cores (Fig. 6).

~ 15 cm bsf, which corresponds closely to the
20ph, s and '¥’Cs reference depths in core BSL
070900 BCE (Fig. 3; collected from the same lo-

BSL 091399 GCA

KJ070600 GC6

cation as KJ0501 D), and the depth of a sandy
bed visible in the X-radiograph of BSL 070900
BCE (Fig. 4).

4.4. Logs of sound speed and bulk density

Maximum values for sound speed and gamma
density (sediment bulk density determined from
gamma-attenuation; Fig. 6) occur in each core
between approximately 15 and 30 cm bsf. Com-
pressional sound speed is a function of grain min-
eralogy, particle size, and bulk density as well as
other parameters, and so correlates with bulk den-
sity and mineralogy (i.e. sand versus mud). At
Bay St. Louis (core BSL091399 GCA), two dis-
tinct maxima are evident. The gamma density
data on the inner shelf (core KJ070600 GC8) sug-
gests the presence of sandy layers at 8—13 cm bsf
and 17-29 cm bsf, separated by a muddy layer.
More subtle subsurface gamma-density maxima
are evident at East Ship Island and Horn Island.
These maxima correspond in depth to sandy and/
or bedded zones evident in X-radiographs and
profiles of sand concentration (see Figs. 4 and

KJO070600 GC1  KJO70600 GC8

Gamma Density (g cm™)

1.3 1.5 1.7 1.3 1.5 17
0 T T T T
disturbed core )
disturbed core
E 10 4 1
°
9]
e
©
0]
w
£ 20 A g
=
o
[0]
o
30 7
40 - 2

1500 1550 1500 1550

1.3 1.5 1.7 1.3 18 1.7

T T T T O
disturbed core
E B 10
E : 20
E 8 30
! + T + 40
1500 1550 1500 1550

Sound Speed (ms™)

Fig. 6. Profiles of gamma density (g cm™) (circles) and compressional wave speed (m s~') (diamonds) from gravity cores. The
shaded area indicates the disturbed 2'°Pb profile (upper boundary) and penetration depth of *’Cs (lower boundary).
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5). This indicates that maximum values of both
sound speed and gamma density are associated
with elevated sand content in a regional bed.
Shaded regions in Fig. 6 mark the depth of dis-
turbed and/or vertical 2'Pby, profiles (upper
boundary of shaded area) and maximum penetra-
tion depths of '7Cs (lower boundary of shaded
area).

4.5. Interpretation of sedimentological and
radiochemical observations

Cores collected from Mississippi Sound and the
adjacent inner shelf (from an area >300 km?)
display a regional layer of sediment below
~12 cm bsf that is characterized by elevated
sand content (Figs. 4-6), localized stratification
at comparable depths bsf (Fig. 4, cores KIJ
070999 BCE and KJ070600 BCS), and low and
vertically uniform 2!°Pb,, activity (Fig. 3). This
layer also contains the deepest detectable '37Cs
(Fig. 3), implying that some of the particles within
it were deposited after 1954 and probably after
1963 as well. A recent small-scale study of these
same sandy beds in western Mississippi Sound
(Bentley et al., 2000) indicates that there is signifi-
cant variability in bed thickness (1-10 cm) and
preservation (faintly to intensely bioturbated) at
spatial scales <1 km, however, small scale pat-
terns are generally consistent with regional trends
identified here. Because similarities in this study
are observed in cores collected across a wide re-
gion, we suggest that the most plausible process
for producing a regional bed like the one dis-
cussed in this study is a single intense regional
sediment resuspension and transportation event,
and we propose that the most likely candidate is
Hurricane Camille in 1969.

There are other possible causes of such a wide-
spread sandy layer in nearshore waters, i.e. a river
flood event (Geyer et al., 2000; Huh et al., 2001),
spoil dumping from channel dredging operations
(Morton et al., 2001), local resuspension during
cold fronts (Walker and Hammack, 2000), and
regional resuspension and transport during trop-
ical cyclones (Walker, 2001). It is also possible
that such a widespread bed could result from mul-
tiple causes, such as the effects of several tropical

cyclones or a number of years with severe winter
storms. Multiple causes should produce irregular
sandy layers as seen in the cores but they would
not produce uniform mixing as indicated by the
radiometric data, which argue for a single, large,
intense event. Furthermore, the lack of significant
event-layer formation by Hurricane Georges in
1998 (S.J. Bentley, unpublished data), suggests
that these sandy layers are unique.

The most intense sediment transport in the
northern Gulf of Mexico occurs during hurricanes
(Stone et al., 1997). The strongest hurricane in the
northern Gulf of Mexico in the twentieth century
was Hurricane Camille, which made landfall in
1969 near the location where most of the cores
for this study were collected (Fig. 1). The only
other major hurricanes to impact this coastline
during the past century were an unnamed cate-
gory four hurricane, which made landfall at Pass
Christian in 1947 (Neumann, 1993), and Hurri-
cane Elena, which made landfall near Biloxi,
MS, in 1985. The 1947 storm predates the 1954
release of 'Cs and, consequently, cannot have
produced the event layer we have identified. Hur-
ricane Elena’s impact on the seabed (1985) was
not documented, however, surge and wind data
(Stone et al., 1997) suggest that Elena’s effects
were comparable to those of the weaker Hurri-
cane Georges. It is therefore probable that this
regional bed resulted from widespread sediment
remobilization, mixing, and deposition during
Hurricane Camille.

The Camille event bed would have been gener-
ated in two stages (Aigner and Reineck, 1982,
Snedden and Nummedal, 1990). First, a sandy
basal layer was produced by resuspension, ero-
sion, advection, and deposition of coarse sedi-
ment. Second, a mud drape was deposited after
the storm peak. This secondary sedimentation
also includes both coarse and fine sediment from
river runoff associated with storm rainfall.

Radiochemical and fabric analyses suggest that
the initial thickness of the Camille layer at Bay St.
Louis (core KJ070999 BCE in Figs. 1 and 4) was
10-15 cm (Bentley et al., 2000). This bed consists
of a sandy basal layer approximately 5 cm thick
and an overlying mud drape 5-10 cm thick. Sub-
sequent disruption by bioturbation destroyed pri-
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mary bedding in the upper 5-10 cm (the mud
drape) of the Camille layer at that location. The
basal sandy layer is also truncated and only dis-
continuous sandy lenses with faint internal lami-
nation in a bioturbated muddy matrix are pre-
served.

The cores collected near Horn and Ship Islands
and the adjacent inner shelf (Fig. 1) cannot be
used to constrain the original sandy layer thick-
ness but they do indicate a total bed thickness
similar to that at Bay St. Louis. It is probable
that the storm layer at these locations would
have contained more sand because of the higher
sand content near the barrier islands (see Fig. 2).
However, fabric evidence (Fig. 4) shows that post-
depositional bioturbation has destroyed most pri-
mary stratification in the central part of Missis-
sippi Sound. A zone of bioturbated sandy mud is
sandwiched between zones of bioturbated muddy
sand in these cores. For these cores, the best evi-
dence for initial bed geometry comes from >!Pb,
and '37Cs data.

Before the impact of Camille in 1969, the pen-
etration depth of '*’Cs into the seafloor would
probably have been on the order of 5-10 cm,
transported into the seabed primarily by biotur-
bation (e.g. Nittrouer et al., 1984). If this thick-
ness of sediment was reworked and redeposited as
the Camille event bed, all sediment in the seabed
that was labeled with '*’Cs would have been re-
worked. The penetration depth of ¥’Cs would
then become a marker for the base of the Camille
bed, a marker that could be preserved if it was
buried deep enough to escape further vertical mix-
ing of sediment.

Observations of sedimentary fabric indicate
that deep bioturbation does occur (Fig. 4), but
biogenic particle mixing does not appear to have
produced significant downward mixing of par-
ticles and '3’Cs below the uppermost 5-10 cm of
the seabed. This is revealed in the 2!°Pb,, profiles
(Fig. 3) at Horn Island (core KJ070600 BCI),
East Ship Island (core KJ070600 BC6), and on
the inner shelf (core KJ070600 BCS8). They pre-
serve sharp 2!Pb, discontinuities at approxi-
mately 12 cm bsf, which would have been de-
stroyed if significant post-depositional vertical
mixing had occurred over spatial scales > ~2

cm. It is also important to note that this depth
is not marked by an abrupt vertical change in
grain size, which could also produce this disconti-
nuity. Instead, the dominant mode of bioturba-
tion below ~10 cm in the seabed appears to
have been local and horizontal mixing (e.g.
Wheatcroft et al., 1990), which is capable of de-
stroying primary depositional fabric over spatial
scales of mm without significantly altering profiles
of particle-bound radionuclides that are sampled
at spatial scales of cm. Thus, the Camille bed
contains a preserved r